We used a family-based cluster-detection approach designed to localize significant rare disease-risk variants clusters within a region of interest to systematically search for schizophrenia (SCZ) susceptibility genes within 49 genomic loci previously implicated by de novo copy number variants (CNVs). Using two independent whole exome sequencing (WES) family datasets and a follow-up autism spectrum disorder (ASD) case/control WES dataset, we identified variants in one gene, FAN1, as being associated with both SCZ and ASD. FAN1 is located in a region on chromosome 15q13.3 implicated by a recurrent CNV predisposing to an array of psychiatric and neurodevelopmental phenotypes. In both SCZ and ASD datasets, rare nonsynonymous risk variants cluster significantly in affected individuals within a 20kb window that spans several key functional domains of the gene. Our finding suggests that FAN1 is a key driver in the 15q13.3 locus for the associated psychiatric and neurodevelopmental phenotypes. FAN1 encodes a DNA repair enzyme, thus implicating for the first time abnormalities in DNA repair in the susceptibility to SCZ or ASD.
S
CZ is a severe psychiatric disorder characterized by positive, negative and cognitive symptoms and is associated with increased mortality and severely reduced fecundity. It is associated with high heritability and it is now widely accepted that multiple rare de novo and inherited genetic variants contribute to the genetic component of the disease, which is characterized by high locus and allelic heterogeneity [1, 2] . Genetic studies designed to elucidate the forces that shape the genetic risk for SCZ and facilitate identification of variants in specific genes as risk factors for the disorder may help to elucidate the underlying pathophysiology and the identification of novel treatment targets [3] . Genomes are under mutational pressure, thus constantly giving rise to many disease-predisposing variants that are under strong negative selection when leading to diseases with increased mortality and low fecundity and therefore remain rare [4] .
Advances in next-generation sequencing technologies make possible to comprehensively explore the contribution of rare variants, both point and structural, on the risk of developing complex psychiatric and neurodevelopmental disorders. A comprehensive investigation of the role that rare variants play both in patients as well as in animal and cellular models can advance our understanding of psychiatric and neurodevelopmental disease [3] . Focusing on de novo variation in appropriate subsets of well-characterized cases can ameliorate the confounding influences of the large number of neutral transmitted variation [1, 2] . However, taking advantage of transmitted variation is also critical in comprehensive gene discovery efforts and a number of analytical methods and strategies have been proposed toward this end [5, 6] . We have previously described a method based on scan statistics for case-control designs that is specifically designed to identify small regions within larger genomic loci enriched with rare disease-risk variants [7] . Unlike conventional association tests that test for association with variants within a specific region, such as a gene, scan statistics approaches test for both association and clustering of variants in a small window of a larger region; in other words, the scan statistic approaches are only powerful if the disease risk variants cluster significantly in a small window, and tend to lose power as the clustering becomes weaker (see results in SI Appendix). Large CNVs, that can extend several megabases in length and which have been shown to influence disease risk, represent a natural application setting for the scan statistic approaches, since disease risk variants, by definition, reside within the underlying disease gene(s), and therefore cluster in a small region of the large CNV. In order to identify risk genes in genomic loci previously implicated by de novo CNVs we adapted this cluster-detection method to family-based designs (Materials and Methods). We applied such methods to two independent WES SCZ family datasets and one WES ASD case/control dataset. The SCZ family samples analyzed here comprise of trios collected from two European descent populations, the Afrikaner population from South Africa (mostly Dutch descent) and the U.S. population (Northern European descent) and have been sequenced and processed under the same conditions, in the same lab. We analyzed these datasets individually but we also combined them, to allow for an increase in power because a priori, there is no reason to believe that variants in a given CNV cannot play a role in both study populations. The ASD case/control dataset consists of 860 unrelated individuals of European descent (488 ASD subjects and 372 controls), sequenced using an Illumina platform at the Broad Institute.
A higher incidence of de novo CNVs in individuals with SCZ compared with controls [8, 9, 10] highlights a significant contribution of rare de novo copy number mutations to risk of SCZ. Most of the identified de novo CNVs span multiple genes and highlight regions in the human genome likely containing SCZ susceptibility genes. Therefore, focusing on identifying the underlying SCZ genes in these CNV regions is a powerful strategy because of the high prior probability that such genes exist in the regions. Under the assumption that risk genes may be disrupted in variable ways (either by de novo or inherited variation), previous efforts to identify SCZ-susceptibility genes within pathogenic CNV loci focused primarily on analysis of common genetic variants [11, 12] . By taking advantage of rare inherited variants from newly generated whole exome sequencing data and a new cluster detection methodology, we have attempted to identify the responsible gene(s) within the 49 genomic regions that have been previously implicated in SCZ by systematic de novo CNV studies.
Section Results
We included in our analysis sequence data consisting of all single nucleotide variants (SNVs) identified within 49 genomic regions previously implicated in SCZ by systematic de novo CNV studies (SI Appendix, Table S1 ). The sequencing data have been generated by a recent whole exome sequencing scan of two SCZ datasets, one from the European origin homogeneous Afrikaner population in South Africa (SA, n = 146) and one from the more genetically heterogeneous US population (US, n = 85) [2] . In our cluster detection approach, we used a 20 kb sliding window, as the default window size, and performed analyses using nonsynonymous SNVs with frequency less than 0.01 (i.e. variants that are likely to have functional impact). Among 49 CNV regions screened, one CNV, on chromosome 15q13.3, carried a strong association signal with a p value in the combined SA and US dataset that remains significant after adjusting for multiple testing (CNV level p value, adjusted for multiple scanning windows considered in the approach, p = 0.0012, Bonferroni adjusted threshold is 0.05/49 = 0.001). Several other CNVs had a nominally significant p value (SI Appendix, Table S2 ). Although it is likely that, at least, for several of the remaining, non-significant CNVs disease risk variants also cluster in small regions within the CNVs, lack of power precludes their detection, and future, larger studies may elucidate the underlying genetic causes in these CNVs.
For the rare nonsynonymous variants within the 15q13.3 CNV region, we determined that a 20 kb window contained within FAN1 (Fanconi-associated nuclease 1, also named MTMR15), had the highest significant score in the US and SA datasets combined (CNV level p = 0.0012; unadjusted or window level p value is 0.00014) ( Table 1 and Figure 1 ). The signal comes from both the SA and US datasets, with the highest peak being consistent across the two datasets. As a comparison, we tested for association using conventional gene-based tests, such as Burden and SKAT tests for family designs [6] , for both FAN1 and the highest scoring 20 kb window (Table 2 ). These analyses showed that the 20 kb window does indeed contain variants that are significantly associated with SCZ (unadjusted window p for Burden= 0.001 when only nonsynonymous variants are considered). Concordant with our simulation results (see SI Appendix) the Burden and SKAT tests resulted in less significant p values than the cluster test (Table 2 , and SI Appendix , Table S3 ), that are no longer significant after multiple testing adjustment (multiple windows/genes within a CNV). Furthermore, results for the other known genes within 15q13.3 were not significant (not even nominally; SI Appendix, Table S4 ). In summary, there is evidence of significant clustering of rare associated variants in FAN1 for the combined SA and US dataset, with the evidence coming from both the SA and US datasets.
The 15q13.3 region directly abuts the 15q11.2-q13 Prader-Willi syndrome locus which is known to contain a cluster of imprinted genes [13] . Although the evidence for parent-of-origin effects in the 15q13.3 locus remains scarce and equivocal [14, 15] it is well known that imprinted genes often cluster in megabase-sized chromosomal domains [16] . Therefore, we have also performed parent-of-origin effect analyses for FAN1. When restricting to transmissions of nonsynonymous rare variants from mothers in the combined SA and US datasets, the p value for the Burden test becomes 0.0005 (vs. 0.025 in the original analysis), with the corresponding p value for the transmission from the fathers being 0.46 ( Table 2 ). The transmitted to untransmitted ratio for nonsynonymous rare variants in FAN1 is 8:0 for mothers, and 3:4 for fathers (SI Appendix, Table S5 ). These results suggest that the signal is primarily driven by transmissions from mothers. Although FAN1 is not included among the known imprinted human genes (http://igc.otago.ac.nz/home.html) the possibility of tissue-and developmental stage-specific imprinting at this genetic locus remains to be determined [17] .
FAN1 encodes a DNA repair nuclease involved in the repair of highly cytotoxic DNA interstrand cross-links, which prevent strand separation and block replication during mitosis. FAN1 has at least four isoforms (http://www.ncbi.nlm.nih.gov/IEB/Resea rch/Acembly/av.cgi?db=human&l=FAN1) (SI Appendix, Figure S1 ). The longest isoform spans about 40 kb and encodes for a protein with four functional domains: a UBZ (Ubiquitin-binding zinc finger)-type ubiquitin-binding domain, a SAP (Scaffold attachment factor-A/B, Acinus and Protein Inhibitor Of Activated STAT motifs)-type DNA binding domain, a protein-protein interaction (TPR) motif, and a putative nuclease domain termed the "VRR nuc" domain (uniprot database, SI Appendix, Figure  S1 ) [18] . A list of rare variants (MAF less than 0.01) identified by our WES in FAN1 is shown in SI Appendix, Table S6 and Figure S1 . For each variant, the number of transmissions/untransmissions (T/U) of the minor allele from heterozygous parents is also shown (SI Appendix, Table S6 ), along with the SIFT and GERP scores for each variant. Among these variants, there are 10 predicted nonsynonymous variants (SI Appendix, Tables S6 and S7 ). All 10 variants occur in different families (SI Appendix, Fig. 1 . Application of the scan statistic approach to identify clustering of rare, nonsynonymous (NS) associated variants in the 15q13.3 CNV region in SCZ study. A sliding window of size 20 kb has been used, and for each such window a LR score has been calculated. LR scores for all windows with at least one variant are shown, with window position on the x-axis being the mid-position of the window. Results are shown for the two datasets (SA and US) separately, and combined (SA+US). Table S7) . Six rare variants were predicted to be damaging by the SIFT software (SIFT score < 0.05). Notably one of them (p.R507H), that falls within the 20 kb window, shows a 4/0 T/U ratio. This variant is located within the SAP domain, as is another predicted damaging variant (p.K505I) with a 1/0 T/U ratio. The SAP domain is required for potential DNA-binding. Overall, there are four patients with the one recurrent damaging variant that falls within the 20 kb window. Notably, three of these patients report co-morbid depression (meeting formal diagnostic criteria for Dysthymia, Major Depressive Disorder (MDD), or Severe depressive episode), while the fourth is diagnosed with schizoaffective disorder of the bipolar type with prominent features of depression accompanying the psychotic episodes (p = 0.02 based on a prevalence of co-morbid depression in our combined samples of 17.6%). In fact, of nine carriers of missense variants in the 20 kb window, four of the five patients that are diagnosed with DSM-IV schizophrenia have some form of co-morbid depression (p = 0.055), while the remaining four are diagnosed with schizoaffective disorder where a strong component of depression is present (SI Appendix, Table S8) suggesting that mutations in the FAN1 gene could be associated with a SCZ phenotype characterized by prominent depressive symptoms. Along these lines, while analysis of psychiatric GWAS did not provide any evidence for a significant association with common FAN1 variants and SCZ, multiple marginally significant associations exist between FAN1 SNPs, MDD and response to antidepressants (SI Appendix, Figure S2) .
Recently, Vacic et al. [19] performed a CNV association study based on three different datasets (8, 394 SCZ cases and 7, 431 controls). Based on their analyses, a peak of association (i.e. a segment with minimal p value in the CNV region) in the 15q13.3 region is achieved in the interval 31.094.316-31.203.815 that encompasses only FAN1. Across the three datasets, there were 18 deletions in 8, 394 SCZ cases and one deletion in 7, 431 controls, with the p value for this peak region being 0.0001.
A number of CNVs, including 15q13.3, show diagnostic pleiotropy, increasing risk across a number of neurodevelopmental disorders such as ASD, intellectual disability and epilepsy [20, 21] . It is highly probable that the same gene in 15q13.3 confers increased risk to both SCZ and ASD. We therefore tested for association between variants in FAN1 and ASD using a publicly available WES case/control dataset (n = 860; more details on this dataset are given in the Materials and Methods). Specifically, using the scan statistic approach, we find that the highest scoring 20 kb window within the entire 15q13.3 locus is similar to the one in SCZ (31.202.961-31.222.961), and overlaps FAN1 (Figure 2 ). The p value for the 15q13.3 CNV in the ASD data is 0.065 (adjusted for scanning the region using 20 kb windows; unadjusted or window level p value is 0.004). Applications of conventional Burden and SKAT tests showed that rare nonsynonymous FAN1 variants are also associated with ASD (Table  2) . Since the ASD dataset comprises unrelated cases and controls, a parent-of-origin effect analysis is not possible in this dataset. A list of variants and their frequencies in cases vs. controls is shown in SI Appendix, Table S9 . Interestingly, the same damaging variant that is transmitted four times and untransmitted 0 times to SCZ patients also has increased frequency in ASD cases compared with controls (0.018 vs. 0.008; Barnard's test one-sided p = 0.039; SI Appendix, Tables S6 and S9 ). In fact, the frequency of this variant based on data from 4, 600 European Americans in the NHLBI Exome Variant Server (http://evs.gs.washington.edu/EVS/) is 0.0079, very similar to the frequency estimated in the controls from the ASD study (Barnard's test one-sided p = 0.004 when comparing frequency in ASD cases vs. ESP controls). Therefore, FAN1 is likely to be a previously unappreciated risk gene predisposing to both neurodevelopmental and psychiatric disorders.
Because risk genes often act together in pathways or networks, we have looked at additional genes that interact directly or indirectly with FAN1 and asked whether genes connected with FAN1 carry rare loss-of-function (LOF) variants more often than would be expected by chance. Using the STRING database (http://www.string-db.org), we have constructed a network of genes that interact with FAN1. We started with FAN1 and expanded the network to include all genes that have been directly or indirectly connected to FAN1 with a high confidence score greater than 0.9, resulting in a network of 27 genes ( Figure 3) . Among these genes, we have identified 10 rare LOF variants in SCZ cases from the SA+US dataset (SI Appendix, Table S10), suggesting a significant enrichment of LOF variants in this FAN1-based network (permutation-based p = 0.037). Identification of recurrent mutations that presumably exert the same deleterious effect at the scale of a pathway provides additional support for a functional contribution of FAN1 deficiency to the risk of the 15q13.3-associated psychiatric and neurodevelopmental phenotypes. It is interesting to note here that one of the genes in this network, FANCL, resides in the same linkage disequilibrium block as a genome-wide significant SNP in a recent GWAS study on schizophrenia [22] .
Section Discussion
Copy number variation at the 15q13.3 locus results in disturbed brain development contributing to an increased risk for different neuropsychiatric disorders with variable expressivity, dependent on additional genetic and environmental factors. In particular, heterozygous and homozygous 15q13.3 microdeletions exist in both inherited and de novo forms and predispose to a spectrum of clinical phenotypes, including SCZ [23, 24] , ASD, ADHD, intellectual disability and epilepsy [21] . The underlying mechanism leading to these microdeletions is a high density of low copy repeats (LCR), LCR-mediated nonallelic homologous misalignment and unequal recombination resulting in a common 2.0 Mb deletion, which includes deletion of a 1.5 Mb of unique sequence as well as an additional ∼ 500 Kb of segmental duplications. 15q13.3 microdeletions disrupt at least seven genes: ARHGAP11B, FAN1/MTMR15, MTMR10, TRPM1, KLF13, OTUD7A, and CHRNA7 [20] . Among them, the alpha7-nicotinic receptor subunit (CHRNA7) has been discussed as a prime candidate gene for at least some of the disturbances such as seizures, which have been observed in individuals with smaller microdeletions comprising only CHRNA7 and OTUD7A [25] . However, no patients with pathogenic point mutations in CHRNA7 have been reported [20] . The genetic contribution of the other genes within this deleted region remains largely unexplored. Here we report the identification of a cluster of rare nonsynonymous variants located within a 20kb window that spans several key functional domains of FAN1, which are associated with SCZ and ASD in two independent datasets. Our findings suggest that FAN1 is a key susceptibility gene in this region for the psychiatric and neurodevelopmental phenotypes associated with the structural mutations at 15q13.3.
Based on the multitude of diagnoses associated with 15q13.3 microdeletions we envision two possible interpretations of our results. One possibility is that deleterious rare variants in the FAN1 gene represent primary genetic deficits shared by a number of disorders such as schizophrenia and ASD. Accordingly, given the variable phenotypic spectrum associated with these rare Fig. 2 . Application of scan statistic approach to identify clustering of rare, nonsynonymous (NS) associated variants in the 15q13.3 CNV region in the ASD study. A sliding window of size 20 kb has been used, and for each such window a LR score has been calculated. LR scores for all windows with at least one variant are shown, with window position on the x-axis being the mid-position of the window. Fig. 3 . Network with 27 genes interacting directly or indirectly with FAN1. Genes in yellow are the genes (excluding FAN1) containing at least one rare LOF variant transmitted to SCZ probands (see also SI Appendix, Table S10 ).
variants, it is likely that the expression of each disorder, and the form of neurodevelopmental phenotype taken, depends on an unknown combination of genetic (rare or common) and environmental factors, and possibly chance. Another possibility is that deleterious rare variants in the FAN1 gene are promiscuous genetic lesions representing secondary modifier loci that modulate the penetrance and severity of the phenotype associated with other primary, disease-specific, genetic lesions. Additional genetic studies are needed to distinguish between these two possibilities.
As mentioned above, FAN1 encodes for a recently discovered [18, 26, 27 ] DNA repair nuclease involved in the repair of highly cytotoxic DNA interstrand crosslinks (ICLs). The FAN1 protein is recruited to sites of ICL damage by interacting with a FANCI-FANCD2 complex through its UBZ domain. However, the exact role of FAN1 in this highly complex process is still poorly understood. A number of reports suggest that FAN1 functions in the DNA repair pathway affected in Fanconi anemia [18] , a rare recessive disorder, which encompasses various consequences of DNA damage, including a range of developmental abnormalities. Indeed, FAN1 mutations might generate broader developmental abnormalities related to DNA damage-induced loss of progenitor cells in various body tissues. Recently, mutations (6 heterozygous and 2 homozygous) in FAN1 were reported as the cause of karyomegalic interstitial nephritis (KIN) in at least nine families, linking the accumulation of DNA damage with chronic kidney failure [28] .
In terms of understanding the biological mechanisms underlying the genetic risk conferred by rare FAN1 variants it is informative that Fan1 knockdown in zebrafish induces developmental defects including microcephaly [28] . Interestingly, individuals carrying a homozygous microdeletion spanning FAN1 show severe neurodevelopmental abnormalities, which also include microcephaly [29] . Micro-and macrocephaly phenotypes have also been described in conjunction with deletions and duplications of another locus (16p11.2) linked to high risk of psychiatric disorders and ASD, and were linked to a single gene at this locus [30] . Although the contribution of FAN1 to the various neurodevelopmental phenotypes associated with 15q13.3 microdeletions remains to be determined, it is noteworthy that microcephaly is a feature common to a diverse range of DNA repair-defective disorders [31] . Microcephaly is most likely caused by increased cell death or failure of neuronal stem cells or their progenitors to divide, consistent with a fundamental role for the DNA damage response in maintaining proliferative potential and cellular survival in the developing nervous system in the face of exogenous and endogenous DNA damage. Interestingly, a recent gene expression profiling study of prefrontal cortex of postmortem brains from subjects with SCZ, bipolar disorder and depression showed that expression of 818 genes was significantly correlated with a decrease in the number of perineuronal oligodendrocytes and 600 genes were significantly correlated with a decrease in density of calbindin-positive interneurons across all patient samples [32] . FAN1 was among these affected genes (the only gene from within the 15q13.3 CNV region). Overall, these observations are consistent with a microcephaly phenotype demonstrated in the Fan1 knockout animal models. Therefore, it is likely that deleterious FAN1 mutations increase risk for psychiatric and neurodevelopmental disorders by interfering with aspects of early neuronal development.
FAN1 is relatively widely expressed in various brain regions and its expression level appears to be constant along the human brain development as indicated by Human brain transcriptome (SI Appendix, Figure S3 ). Although the gene is widely expressed and at steady levels throughout development and adulthood, it is well known that genome maintenance deficiencies have a higher impact during neuronal development and on the embryonic brain rather than the adult brain [33] . Finally, cells unavoidably sustain DNA damage from their own metabolism [34, 35, 36, 37] but also from exogenous sources. It has been suggested that exposure to high levels of environmental toxins or chemotherapeutics that damage renal cells may underlie the association between FAN1 mutations and KIN. The extent that (geno)toxic agents, which may induce DNA damage, influence neurodevelopmental phenotypes in FAN1-deficient individuals remains to be determined.
Materials and Methods
Sequencing Data for Schizophrenia Trios, and ASD Cases and Controls. The schizophrenia samples analyzed here comprise of families (trios) collected from two distinct populations, the Afrikaner population from South Africa (European, mostly Dutch origin) (n = 146 schizophrenia families) and the U.S. population (Caucasian, Northern European origin families) (n = 85 schizophrenia families). Of the 146 Afrikaner probands, 122 (83.6%) had a diagnosis of schizophrenia and 24 (16.4%) were diagnosed with schizoaffective disorder. Of the 85 U.S. probands, 46 (54.1%) had a diagnosis of schizophrenia, and 39 (45.9%) were diagnosed with schizoaffective disorder. Affected trios were recruited and characterized in the context of ongoing, large-scale genetic studies of schizophrenia and have been described previously [2, 8] . Informed consent was obtained from all participants and the Institutional Review Committees of Columbia University and University of Pretoria approved all procedures. Paternity and maternity were confirmed prior to sequencing via the Affymetrix Genome-Wide Human SNP Array 5.0 as well as via a panel of microsatellite markers. Carriers of large (≥ 30 kb) rare de novo CNVs were excluded based on prior CNV scans of the same datasets [8, 9] . DNA for all study subjects was extracted from whole blood and analysis was performed blind to affected status while maintaining knowledge of the parent-child relations. Exome capture and sequencing was performed as previously described [2] . The analytical pipeline and filters used in the exome sequence analysis have been previously described [2] . The ASD case-control dataset has been sequenced as part of the ARRA Autism Sequencing Collaboration (AASC), and is publicly available through dbGAP (http://www.ncbi. nlm.nih.gov/gap/?term=phs000298). The dataset consists of 488 ASD cases and 372 controls of European ancestry, and whole-exome sequencing was performed at the Broad Institute using an Illumina HiSeq2000 platform. Data was processed with Picard [38] and BWA [39] to map reads to hg19. Variants were called using the Genome Analysis Toolkit [40] and only those variants that passed standard quality control filters were analyzed.
Statistical Analyses. We use both conventional sequence-based association tests (such as Burden and variance component tests, e.g. SKAT), as well as clustering tests based on scan statistics to identify the gene(s) within CNVs that contain disease associated variants. Conventional gene-based tests, such as Burden and SKAT, have been proposed before and a detailed description can be found in [5] (case-control design) and [6] (family design). Briefly, they assess the evidence for association with variants in a particular region (such as a gene) by grouping variants in the region. The underlying test statistic is a weighted-sum of the individual variant score statistics, and statistical significance is assessed using either asymptotic approximations, or Monte Carlo simulations. We also perform parent-of-origin tests, by restricting analyses separately to transmissions from mothers, and fathers. The clustering tests we perform are designed to identify locations within a CNV where disease associated variants cluster. Unlike conventional gene-based tests, which are called self-contained tests, the cluster detection methods are competitive tests, that compare association signal in a region or gene, with that outside the region or gene. We have previously proposed a scan statistic based method for case-control designs [7] . We have extended it to trio designs, and details are described in the SI Appendix; conceptually it is very similar to the existing scan statistic method for the case-control design.
